However, there is a wide variation in the reported survival times of enteric microorganisms in 106 biosolids-amended soil. General survival times for bacteria in soil are reported to be 2 to 12 107 months, viruses 3 to 6 months, protozoa 2 to 10 days and helminthes 2 to 7 years (Gerba and 
Materials and methods 138

Site description 139
Three field sites were selected in dry temperate cropping regions of Australia to determine 140 the decay times of the selected pathogens. Sites A (30º 50'24.07"S, 116º 05'18.37"E) and B 141 (30º 50'9.31"S, 116º 05'44.53"E) were located at Moora in Western Australia (WA) and Site 142 C (35º 21'39.68"S, 138º 32'47.67"E) was located at Mt Compass in South Australia (SA). 143
The field experiments were conducted during the wheat growing season (May to December). 144
Moora is 175 km north-east of Perth, WA, with an annual average rainfall of 460 mm. 145
Topography was undulating with medium slope and soil type was a loamy-sand. Mt Compass 146 is 69 km south of Adelaide, SA, with an annual average rainfall of 700 mm. Topography was 147 undulating with gentle slope and soil type was a sandy soil. Soil and biosolids characteristics 148 for each site are presented in Table 1 . 149 150
Plot establishment 151
The decay experiments were undertaken using two treatments: biosolids-amended soil 152 (treatment) and un-amended soil (control). Two types of plots (each 10 m 2 ) of either 153 biosolids-amended or un-amended soil were established in triplicate (n = 6 plots) using a 154 randomised-block design (n = 3 replications for the treatment and for the control). Biosolids 155 application rates are generally determined from the soil nitrogen loading requirements (DEC 156 et al. 2012 ). However, following initial experimentation (Site A in 2006), it was determined 157 that biosolids application rates needed to be increased in line with those used in theM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 7 chambers, thus application rates for subsequent trials at Sites B and C were increased to 25: 159 75 biosolids to soil. 160
161
At Sites A and B, anaerobically-digested dewatered biosolids cake from the Beenyup (Perth, 162 WA) wastewater treatment plant (containing E. coli at 10 6 cfu g -1 ) were applied to the 163 treatment plots at 6 dry tonnes ha -1 (80% moisture)according to the normal district practice 164 and 19 dry tonnes ha -1 (81.5% moisture) higher than the normal district practice, respectively. 165
Biosolids were incorporated into the top 10 cm of soil using a disc-seeder. Wheat (Triticum 166 aestivum cv. Calingiri) was sown to all plots at 60 kg ha -1 , 18 cm width and 2.5 cm depth 167 within 2 hours. At Site C, tertiary treated (stockpiled) biosolids from the Bolivar (Adelaide, 168 SA) sewage treatment plant (containing E. coli at 10 2 g -1 )were applied to the top 10 cm soil 169 using a rotary hoe to three plots at 28 dry tonnes ha -1 (34.3% moisture). Wheat (Triticum 170 aestivum cv. Clearfield Janz) was sown at 60 kg ha -1 rate, 25 cm width and 2.5 cm depth 171 within 2 hours of application of biosolids. Soils from the treatment and control plots were 172 tested at the beginning of the study for the presence of E. coli. In the biosolids-amended soil, 173 namely 'site samples', E. coli was present as 3 x 10 6 colony forming units (cfu) g -1 at Site B 174 and 2 x 10 3 log cfu g -1 at Site C. Background levels of E. coli numbers in the un-amended soil 175 were nil at site B and 3 x 10 3 cfu g -1 at Site C at the time of study. 176
177
In addition, an experiment was conducted at Site B to determine whether the sentinel 178 chambers reasonably predict soil ambient conditions, and whether the decay times of E. coli 179 in the chambers were similar to that of E. coli in the outside soil. E. coli was chosen as the 180 target bacteria as the biosolids-amended soil was found to contain reasonably high (10 6 g -1 ) 181 numbers. At each sampling time, in addition to the retrieval of sentinel chambers soil 182 samples (10g) were also collected. 
Modified sentinel chambers 204
The survival experiments were carried out using modified sentinel chambers (Jenkins et al. 205 1999) placed into each of the plots. Briefly, sentinel chambers were constructed using 3. Initially three chambers were constructed and tested for leakage, after addition of 500 µL of 212 distilled water the lid was firmly pressed in place. Each chamber was then observed for any 213 leakage after inverting 3-4 times. This set up was found to work well without leakage and 214 was subsequently used in this study. There are some limitations of sentinel chambers such as 215 smaller sample size and micro-climatic conditions of moisture and oxygen may be different 216 from the soil ambient conditions. However, their use for pathogen decay studies outweighed 217 these limitations. 218
219
Collected soil samples (2 Kg) from each site were sieved (<2mm) and then split into two 220 equal portions. One portion was amended with biosolids to a final ratio of 1:4 (i.e. 20% 221 biosolids to 80% soil) for Site A, then increased to 1:3 (i.e. 25% biosolids to 75% soil) at 222
Sites B and C (thus 25 times the normal rate). Anaerobically-digested dewatered biosolids 223 cake were collected from the Beenyup wastewater treatment plant (Perth, WA) were used in 224 sentinel chambers for Sites A and B, whereas, tertiary treated (stockpiled) biosolids were 225 collected from the Bolivar sewage treatment plant (Adelaide, SA) for use in sentinel 226 chambers for Site C. This higher ratio of biosolids to soil (used inside the chambers) was 227 expected to reflect conditions inside biosolids clumps, where the highest numbers and most 228 persistence of pathogens would be expected to occur. The second portion was left un-229 amended with no addition of biosolids. Each portion was then inoculated with the washed E. 
, (2008). E. coli was plated on 271
Chromocult™ coliform agar (Merck) and S. enterica was plated on xylose lysine 272 deoxychlorate agar (BBL). Inoculated plates were incubated overnight at 37ºC and then 273 typical colonies were counted to determine the average number of cfu mL -1 of final 274 suspension. The detection limit with this methodology was 3 cfu mL -1 . The cfu per gram 275 were then calculated from the original weight of the samples processed. The quantification 276 of F-specific bacteriophage MS2 was carried out by standard double layer agar method using 277
E. coli HS(pFamp)R (ATCC 700881) as the host bacteria (Havelaar and Hogeboom 1984). 278
Clear plaques were counted to determine the average pfu mL -1 after overnight incubation at 279 37ºC. Pathogen counts were normalized from the raw data by transformation into log 10 280 cfu/pfu/pdu g -1 using the log conversion formula Count = log 10 [((Count *10 Dilution *10 volume 281 plated )*mL phosphate buffer) (1/soil weight) +1]. 282 M A N U S C R I P T
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Quantification of HAdV 284
The quantification of HAdV in biosolids was performed by determining the PCR detectable 285 copies of genomic DNA. Soil samples from each chamber (1 g) were weighed out, added to 286 5 mL Star Buffer (Roche), vortexed for 2 mins and stored overnight at 4ºC. Samples were 287 vortexed again for 2 mins, then centrifuged at 2500 rpm for 10 mins at 4ºC. HAdV DNA was 288 extracted from 200 µL of supernatant using a QIAamp DNA Stool Mini (Qiagen) as per 289 manufacturer instructions and stored at -80°C prior to analysis. To increase the DNA yields, 290 the initial cell lysis step was carried out at 90°C for 10 min, rather than 70°C for 5 min. All 291 analyses for virus quantification were performed using Real Time PCR in triplicate. 292
Quantitative PCR reactions were performed on a BioRad iQ5, using iQ Supermix kit (Bio-293 Rad). HAdV were detected using previously published primer set (Heim et al. 2003) . Bovine 294 serum albumin (Sigma) was added to each PCR reaction (0.3µg µL -1 ) to reduce PCR 295 inhibition and improve detection (Kreader 1996) . Thermal cycling conditions for the 296 detection of HAdV were as outlined in Sidhu et al. (2010) . Briefly, initial incubation at 95ºC 297 for 8 min, then 55 cycles at 95ºC for 30 sec, 55ºC for 20 sec, and then 72ºC for 20 sec. The 298 final cycle had an extension time of 5 min at 72ºC. Standards for qPCR were prepared from 299 the plasmids as outlined in Sidhu et al. (2013) . 300 301
PCR limit of detection, reproducibility, and evaluation of PCR inhibition 302
The qPCR limit of the detection and reproducibility of assay was done as outline (Sidhu et 303 al., 2013) . Briefly, known gene copies (i.e., 10 6 to 10 0 ) of adenoviruses seeded in MilliQ 304 water were tested in triplicates with the qPCR. The reproducibility of the qPCR was assessed 305 by determining intra-assay repeatability and inter-assay reproducibility. Extracted DNA from 306 biosolids amended samples (n=8) from all three sites was serially diluted in MilliQ water.
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The threshold cycle (C T ) values from undiluted and 10-fold diluted samples was compared to 308 determine the PCR inhibition. 309 310
Adenovirus recovery efficiency. 311
The effectiveness of the virus extraction procedure from biosolids was determined by seeding 312 known numbers of adenovirus into biosolids-amended and un-amended soil samples 313 collected from all sites. Briefly, one g biosolids-amended and un-amended soil samples 314 (n=6) collected from timescale (T0 to T8) at Sites A (n=3), Site B (n=3), and Site C (n=3) 315
were spiked with 500 µL -1 of adenovirus (1x10 7 PDU mL -1 ). Seeded biosolids samples were 316 mixed well and DNA was extracted with QIAamp DNA Stool Mini (Qiagen) as mentioned 317 previously after addition of Star Buffer. In parallel, MilliQ water sample (1mL) was seeded 318 with same number of adenovirus and DNA was extracted and PDU mL -1 were used to 319 determine recovery efficiency after seeding from the biosolids. All samples were tested 320 separately for the presence of indigenous adenovirus the detected numbers were subtracted 321 from the final numbers prior to determining recovery efficiency which was calculated as: 322 % Recovery = (Recovered PDU of adenovirus from the biosolids or soil sample ⁄seeded PDU 323 of adenovirus in biosolids or soil sample) X 100. 324 325
Statistical analysis 326
The microbial numbers in each replicate from each sampling event were converted to log 10 327 values so that a generalized linear statistical model could be applied to the data. The counts 328 from Time 0 were removed from all field data prior to any statistical analyses as it was 329 observed that some variability in numbers relating to clumping and un-clumping of 
Results 368
Climatic parameters 369
The observed climatic conditions, soil moisture and temperature during the decay 370 experiments are summarized in Tables 1 and 2 . Mean daily soil temperatures ranged from 12 371 to 16ºC across all sites (Table 1 ). The cumulative rainfall over the duration of the experiment 372 was 262 mm and 275 mm at Moora (Sites A and B, respectively) and 328 mm at Mt Compass 373 (Site C). The mean soil moisture content inside the sentinel chambers was higher in the 374 biosolids-amended soil (21 to 26%) than the un-amended soil 13%. The same trend was 375 observed in the soil moisture outside the chambers, 8-17% in the biosolids-amended soil and 376 7-14% in the un-amended soil. In general, soil moisture was higher in the chambers than in 377 the topsoil outside the chambers (Table 2) . 378 379
Adenovirus detection limits, PCR inhibition and recovery rates 380
The lowest numbers of gene copies that were detected consistently in replicate assays was 10 381 or less adenovirus PDU mL -1 . The mean C T values from the un-diluted and 10-fold diluted 382 samples were compared and were found to be comparable (4±1). Therefore, undiluted 383 samples were used for the qPCR. Adenovirus recovery from biosolids amended and soil 384 samples returned mean recovery efficiencies of 22-78% from the biosolids-amended soil and 385 34-63% from the un-amended soil (Table 4) . 386 387
Comparative E. coli survival in decay chambers and soil 388
In order to determine if the moisture and temperature inside the chamber were similar to the 389 ambient soil conditions (outside the chambers), moisture patterns inside chambers and in the 390 soil outside were compared at Site B. Due to smaller mass of the decay chambers, the 391 temperature inside the chambers was assumed to be at equilibrium with the soil ambient 392 temperature once placed in the soil. The changes in the moisture content inside the chambers 393 and topsoil at Site B were significantly (P<0.001) correlated, thus demonstrating that 394 moisture exchange occurred between the surrounding soil through the chamber membranes. 395
A comparative decay pattern of E. coli inside the chambers and in topsoil is presented in 396 Figure 2 . The E. coli numbers inside the chambers were higher than the E. coli numbers 397 outside the chambers due to seeding of the E. coli into the biosolids placed in the chambers 398 (Sites B and C); however, the changes in E. coli inside the chambers was significantly 399 correlated (P<0.05) to the decay patterns of E. coli outside the chambers (topsoil) at sites B 400 and C. 401 
Enteric microorganism decay in decay chambers 403
All seeded microorganisms, except HAdV, generally showed linear patterns of decay 404 (Figures 3 and 4) . The majority of the target microorganisms in the biosolids-amended soilM A N U S C R I P T
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had shorter decay times (T 90 ) than those in the un-amended soil (Table 3 ). The systematic 406 evaluation for the influence of types of microorganism, site location, treatment and related 407 soil type during the wheat growing season showed that all factors significantly (P< 0.01) 408 affected decay rates (Table 4) . 409 410 Bacteriophage MS2 numbers declined by > 6 log 10 during the duration of the experiment 411 across all three sites (Figure 4) . In general, decay times (T 90 ) for MS2 were less than 36 days, 412 except at Sites A and B (Moora, WA) in the un-amended soil where estimated decay times 413 were 108 and 90 days respectively (Table 3 ). The decay times for MS2 in biosolids-amended 414 soil (T 90 = 22-36 days) were generally less than in the un-amended soil (T 90 = 29-108 days). 415
The MS2 decay in biosolids-amended and un-amended soil was statistically significant 416 (P<0.0001) ( Table 4) . 417
418
In comparison to MS2, much slower reduction in HAdV numbers was observed at the three 419 field sites over the duration of the experiment (Figure 4) . At Site B, there was little change in 420
HAdV numbers over the duration of experiment and hence no T 90 value was achieved. At 421
Sites A and C some decline in HAdV numbers was observed which resulted in T 90 values of 422 >180 days (Table 3 ). Similar decay rates were observed for both biosolids-amended and un-423 amended soil at Site A, Moora 2006 (P> 0.05, see sdate*treatment, sdate 2 *treatment, and 424 sdate 3 *treatment in Table 4 ), but highly and significantly different decay rates between 425 biosolids-amended and un-amended soil were found at Site C, Mount Compass in 2008 426 (Table 4, 
M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT
480
In the biosolids-amended soils, higher decay rates of seeded E. coli and S. enterica were 481 observed compared to un-amended soils (Table 3) Consequently, it is possible that the rapid decline observed in the MS2 numbers after 180 574 days was due to higher temperatures and lower soil moisture content. In the present study, 575 declining soil moisture was also found to significantly (P<0.05) increase the decay rate of 576 most enteric microorganisms, particularly in the un-amended soils. 
Conclusions 591
• Bacterial pathogens present the lowest potential health risks compared to enteric virus 592 due to faster decay rates in biosolids-amended soils; 593
• Adenovirus could be expected to survive for a longer period (>180 days) in the 594 biosolids-amended soil during the cultivation of cereals in winter when ambient 595 environmental conditions are favorable for enteric virus survival; 596
• Bacteriophage MS2 may not be a suitable indicator for the assessment of survival 597 potential of adenovirus and other enteric viruses; 598
• An increase in soil temperature and soil moisture was correlated to the decay of enteric 599 bacteria whereas the decay of MS2 was correlated to soil temperature only; 600
• The influence of soil type and/or site on the decay of enteric microorganisms was 601 found to be statistically non-significant; and M A N U S C R I P T
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Highlight of this paper
• E. coli and Salmonella enterica decayed faster in biosolids amended soil than un-amended soil.
• Human adenovirus and other enteric virus are expected to survive for a longer period of time at low ambient temperature.
• MS2 may not be a suitable indicator for assessment of survival potential of adenovirus
• Longer survival time for adenovirus suggests that appropriate withholding periods are necessary for risk mitigation
